This study analyses early biochemical events in collagen-induced platelet activation. An early metabolic event occurring during the lag phase was the activation of PtdIns(4,5)P2-specific phospholipase C. Phosphatidic acid (PtdOH) formation, phosphorylation of P43 and P20, thromboxane B2 (TXB2) synthesis and platelet secretion began after the lag phase, and were similarly time-dependent, except for TXB2 synthesis, which was delayed. Collagen induced extensive P43 phosphorylation, whereas P20 phosphorylation was weak and always lower than with thrombin. The dose-response curves of P43 phosphorylation and granule secretion were similar, and both reached a peak at 7.5 ,g of collagen/ml, a dose which induced half-maximal PtdOH and TXB2 formation. Sphingosine, assumed to inhibit protein kinase C, inhibited P43 phosphorylation and secretion in parallel. However, sphingosine was not specific for protein kinase C, since a 15 ,UM concentration, which did not inhibit P43 phosphorylation, blocked TXB2 synthesis by 50 %. Sphingosine did not affect PtdOH formation at all, even at 1004um, suggesting that collagen itself induced this PtdOH formation, independently of TXB2 generation. The absence of external Ca2' allowed the cleavage of polyphosphoinositides and the accumulation of InsP3 to occur, but impaired P43 phosphorylation, PtdOH and TXB2 formation, and secretion; these were only restored by adding 0.11 uM-Ca2 . In conclusion, stimulation of platelet membrane receptors for collagen initiates a PtdInsP2-specific phospholipase C activation, which is independent of external Ca2+, and might be the immediate receptor-linked response. A Ca2+ influx is indispensable to the triggering of subsequent platelet responses. This stimulation predominantly involves the protein kinase C pathway associated with secretion, and appears not to be mediated by TXB2, at least during its initial stage.
INTRODUCTION
Primary haemostasis and thrombosis result from the adhesion of circulating platelets to sub-endothelial collagen. Secondarily to adhesion, the stimulation ofmembrane receptors alters platelet metabolism and leads to secretion and aggregation. The identification of collagen-specific receptor(s) is still under investigation [1] [2] [3] [4] , and the mechanism of the signal transduction that follows receptor stimulation is not clear. In many cell types, inositol lipid metabolism is considered an important factor in initiating cell responses to agonists; in particular, the PtdInsP2 hydrolysis by phospholipase C leads to the formation of two second messengers: one is 1,2-diacylglycerol (DAG), which activate the protein kinase C sensitive to Ca2+ and phospholipids, in order to phosphorylate a 43 kDa protein (P43); the other messenger is inositol 1,4,5-trisphosphate (InsP3), which is one of the factors involved in mobilizing Ca2+ from the dense tubular system, and therefore permits the activation of a Ca2+-calmodulin-dependent myosin light-chain kinase to phosphorylate the myosin light-chain protein (P20) (for reviews see [5] [6] [7] ). Collagen allows the formation of InsP3, but, unlike thrombin, it only mobilizes Ca2+ weakly [8] [9] [10] [11] . In the present paper, we analysed the early biochemical events induced by collagen, including polyphosphoinositide breakdown, the formation of phosphatidic acid (PtdOH), the phosphorylation of P43 and P20, and thromboxane B2 (TXB2) synthesis, which might involve different pathways of activation. These events were studied concomitantly with platelet secretion and aggregation. Their dependence on extracellular Ca2+ was also examined, and the importance of the protein kinase C pathway in the collageninduced platelet activation was investigated by studying the effect of sphingosine, assumed to inhibit protein kinase C activity [12] .
EXPERIMENTAL Materials

5-Hydroxy[14C]tryptamine ([14C]5HT) (18 GBq) and [32P]P
(carrier free; 37 MBq/ml) were purchased from CEA-ORIS (Saclay, France). Metrizamide was from Nyegaard (Oslo, Norway). Calf skin type I collagen (Stago, Asniere, France) was used in this study.
Radiolabelled platelet preparation
Human blood, collected from healthy volunteers who had not taken aspirin during the previous 10 days, was anticoagulated with 6 vol. of ACD-C (13 mM-citric acid, 12.4 mM-sodium citrate, 11 mM-glucose). Platelet-rich plasma was obtained by centrifugation of whole blood at 150 g for 15 
Calculation of external free Ca2l
The external free Ca2" was determined by the method of Fabiato & Fabiato [16] , based on calculation of free Ca2l in the presence of EGTA and taking into account the composition of the platelet resuspension buffer [16] . The external free Ca2l was -thus adjusted with solutions containing 0.5 mM-EGTA and different amounts of free Ca2+.
RESULTS
Phospholipid metabolism
Phosphoinositide turnover (Fig. la) Time-dependence studies ( Fig. 2) The time course of P43 and P20 phosphorylation given in Fig.  2 (a) shows that phosphorylation of P43 occurred within 50 s of the addition of collagen, and thereafter progressively increased, reaching its half-maximum at 65 s, and its maximum at 2 min. The time course of P43 phosphorylation was parallel to that of platelet secretion (Fig. 2b) . A weak phosphorylation of P20 was also observed as a function of time, but was always lower than that found previously in the presence of thrombin [17] .
The secretion of both 5HT from dense granules and /8-TG from a granules occurred concomitantly with aggregation ( Fig.  2b ). Half-maximal secretion was reached at 60 and 65 s respectively, and at 65 s for aggregation. Maximal 5HT and f8-TG secretion was 27 % and 43 % of the total granule content respectively, and occurred 120 s after addition of 7.5 ug of collagen/ml. Whereas collagen induced secretion from dense and a granules, no N-acetylglucosamine activity was released from lysosomes (results not shown).
TXB2 synthesis began 50 s after collagen addition, concomitantly with the phosphorylation of P43 and granule secretion (Fig. 2c) . However, the time-course curve for TXB2 synthesis shifted to the right compared with the curve for other platelet responses, since TXB2 accumulation was slower, with a half-maximum value at 90 s compared with 60, 65 and 65 s for PtdOH formation, P43 phosphorylation and granule secretion respectively.
Dose-dependence of platelet responses
Maximal platelet aggregation was reached at the relatively low collagen concentration of 7.5,sg/ml, and 5HT and fl-TG secretion rose with aggregation (Fig. 3) . Thus, for all three, half-maximal responses were obtained with about 2.5 ,gg of collagen/ml. Secretion of 5HT and ,-TG reached maxima of 33 % and 52 % of the total platelet content respectively, at 7.5 ,ug of collagen/ml. Comparison of the collagen dose-dependence of P43 phosphorylation, PtdOH formation and TXB2 synthesis is shown in Fig. 4 . The dose-response curve for P43 phosphorylation showed that 2.5,ug of collagen/ml was sufficient for 50% phosphorylation of this protein. A dose of 7.5 ,g of collagen/ml induced a full phosphorylation of P43 and complete secretion. However, this dose was necessary to reach 50 % formation of PtdOH, and only 20 % synthesis of TXB2. The collagen concentrations necessary for maximal synthesis of PtdOH and TXB2 were 4-5 times higher (40,ug/ml) than the 7.5,ug/ml necessary for complete phosphorylation of P43.
These dose-dependence experiments therefore provided further evidence for the parallelism between P43 phosphorylation and platelet secretion.
Role of external Ca2+
When investigating the role of external Ca2+ in the regulation of platelet activation, we began by studying the dependence on external Ca2+ of inositol lipid hydrolysis. The platelet-suspending medium contains a residual contaminating Ca2+ concentration which may reach up to 50 uM without the addition of external Ca2+. The absence of any external Ca2+ was therefore ensured by adding EGTA. In the presence of 0.5 mM-EGTA, collagen still induced the phosphodiesteratic cleavage of polyphosphoinositides. Fig. 5 illustrates the rapid accumulation of InsP3, which reached its maximum (22. Effect of sphingosine (Fig. 7) We showed previously that collagen induced marked phosphorylation of P43 but only weak phosphorylation of P20 compared with that elicited by thrombin [17] . The effect of sphingosine, a potent inhibitor of protein kinase C activity [12] , was therefore investigated, in order to ascertain whether protein kinase C activation and the subsequent P43 phosphorylation are essential for collagen-induced platelet activation.
Sphingosine decreased P43 phosphorylation by 500% at a concentration of 50 ,tM, and completely inhibited it at 100 /tM. Sphingosine also inhibited secretion of 5HT and ,J-TG with similar dose-dependence. However, sphingosine did not only seem to inhibit protein kinase C activity; it also inhibited TXB2 synthesis, within a lower range of concentrations than for P43 phosphorylation. Thus, at 15 ,uM-sphingosine, inhibition of TXB2 synthesis had already reached 50°%, whereas phosphorylation of P43 and platelet secretion were still normal; 25 4uM-sphingosine was the minimal dose required to inhibit P43 phosphorylation significantly by 15 [8] [9] [10] [11] . This might explain the weak P20 phosphorylation that we detected with collagen and which remained consistently lower than with thrombin [17] . In contrast, the collagen-induced phosphorylation of P43 by protein kinase C was marked, and its extent was comparable with that observed with thrombin [17] . The mechanism of collagen-induced activation therefore seems to mediate preferentially protein kinase C activity and the subsequent phosphorylation of P43.
This does not favour the concept that InsP3 and DAG pathways act synergistically to produce a full physiological platelet response [24, 25] .
The present study showed, in agreement with others [26] [27] [28] [30] . However, with thrombin, the absence of external Ca2+ might have been overcome by its ability to cause extensive mobilization of Ca2+ from internal storage organelles [8, 11] .
From the present results, one of the essential roles of extracellular Ca2`seems to be the activation of protein kinase C, whose activity is DAG-and Ca2+-dependent [31] . In this connection, at least three forms of protein kinase C, with different Ca2+ and DAG requirements, have been described [32] . In our study, the greatest effect of collagen on P43 phosphorylation was observed with a free Ca2+ concentration of 0.1 ,uM, which was too low to raise the level of cytosolic Ca2+. This agrees with the fact that protein kinase C activity is independent of a rise in cytosolic Ca2+, and is fully activated by DAG at a Ca2+ concentration of 0.1 ,uM [7, 33] . Furthermore, DAG is thought to convert primed protein kinase C into its activated Ca2+-sensitive form, associated with the membrane. In this form, the protein kinase C activity has been shown to be regulated by the rate of Ca2+ influx [34, 35] . However, the question also arises of whether the amount of DAG produced by PtdInsP2 hydrolysis in the present study was sufficient, since no Ptdlns hydrolysis was observed, or whether an additional Ca2+-dependent source of DAG is required for full activation of protein kinase C. In this respect, it has been suggested previously that, in cells other than platelets, part of the increase in DAG observed during stimulation was probably derived from phospholipids other than phosphoinositides [36] .
Our results suggest that P43 phosphorylation was one of the main events that follows collagen stimulation and that it closely correlated with the release reaction. In this connection, studies with the protein kinase C inhibitor sphingosine are also of particular significance, since they suggest that P43 phosphorylation has a key role in collagen-induced platelet secretion. However, sphingosine does not seem to be as specific for protein kinase C as was originally believed. Thus, in this study, it inhibited TXB2 synthesis at lower concentrations than for P43 phosphorylation and platelet secretion.
Many authors have suggested that platelet responses to collagen are dependent on thromboxane generation, since rises in intracellular [Ca2+], specific protein phosphorylation and secretion were markedly affected by cyclo-oxygenase blockade [37, 38] . Thromboxanes are known to interact with specific platelet membrane receptors that are coupled to the activation of the phosphoinositide cycle and to the increase in intracellular [Ca2+] [39, 40] . Thus the initial responses to collagen were thought to be mediated by thromboxanes. However, the question arises as to how the free arachidonic acid necessary for TXB2 synthesis is released during the initial platelet-collagen interaction. An interesting result of our study was that, in sphingosine-treated platelets, PtdOH formation was maintained even though no TXB2 generation was observed. This implies that the formation of PtdOH was independent of thromboxane, and that collagen itself may activate this PtdOH formation, via phospholipase C activation, for instance. This is totally in agreement with previous results showing that PtdOH formation is independent of thromboxane-receptor occupancy [10, 41] , and that InsP3 accumulates in indomethacin-treated platelets [18] . It is also noteworthy that half-maximum P43 phosphorylation and secretion were obtained in the absence of TXB2 generation, indicating that TXB2 formation is not absolutely required to initiate the activity of protein kinase C and the secretory processes. Furthermore, the blockade of thromboxane receptors was observed to be accompanied by a decreased, but still marked, generation of TXB2 [42] . In agreement with other studies [41, 42] , our results support the possibility that collagen-platelet interaction itself contributes to the initial formation of TXB2, which in turn might amplify platelet responses. This positive feedback of TXB2 is completely consistent with the results of our kinetic studies.
In conclusion, the present work strongly suggests that stimulation of platelets by collagen involves the protein kinase C pathway more particularly associated with secretion. It also suggests that collagen-induced stimulation is not entirely mediated by the thromboxane pathway, at least during its initial stage.
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